Nuclear receptors (NRs) are transcriptional factors that play an essential role in all aspects of human development, metabolism and physiology. A prime example of a NR is the glucocorticoid receptor (GR). Structure-wise, the GR is typical of the NR superfamily, while its signaling is a part of multiple physiological mechanisms. In this study, using the GR and the steroid hormone receptors as a basis, an analysis of the structure, function and evolution of the NR ligand binding domain was conducted, while a list of NR mutations was composed in order to examine the effects of the mutations on NR structure and function. The results proposed 7 conserved signaling motifs and identified the amino acid repeating pattern 'LxxLL' or 'LLxxL' in the ligand binding domains (LBDs) of the NRs. Phylogenetic analysis revealed 4 distinct monophyletic branches, and it proposed new evolutionary relations between the LBD of NRs. Furthermore, structural and functional comparisons through NR LBD structures and their corresponding ligands displayed two major canonical forms, one for the steroid hormone-like cluster and another one for the thyroid hormone-like cluster. Last but not least, a new sub-cluster of estrogen receptor α with a specific canonical form has been identified. Although this sub-cluster has 98% similarity in sequence level with all known ERα, shows more significant structural similarity with the ERβ members (RMSD <2Å) rather than the ERα. In particular, the Y537S mutation, which is very common in breast cancer, creates this new trans-form of ERα'. ERα' is functionally and structurally more similar to ERβ, while still retaining some of its ERα characteristics. This new information may be of high importance in order to understand the signaling mechanisms underlying NRs and cancer.
Introduction
Nuclear receptors (NRs) are one of the essential classes of transcriptional factors. NRs play a critical role in all aspects of human development, metabolism and physiology. Since they generally act as ligand-activated transcription factors, they are A comprehensive structural and functional analysis of the ligand binding domain of the nuclear receptor superfamily reveals highly conserved signaling motifs and two distinct canonical forms through evolution an essential component of cell signaling (1) . Glucocorticoid receptor (GR) is part of the NRs protein superfamily that is clustered in the family of the steroid hormone. GR has been shown to interact with a variety of proteins and is a transcriptional factor that regulates multiple genes, while is simultaneously expressed in almost every cell in the human body. Glucocorticoids activate GR (2) . Glucocorticoids greatly contribute to the maintenance of homeostasis and partake in the regulation of the immune system (3) . They exert an impressively diverse and tissue-specific effect. In the absence of glucocorticoids, the majority of the GR resides in the cytoplasm, forming a complex with heat shock proteins. Upon ligand binding, GRs are released from the complex and translocate to the nucleus, where they influence the transcription of a number of glucocorticoid-responsive genes (2) . GR is the product of a single gene, NR3C1, which was first cloned in 1985 (4) . NR3C1 is located on chromosome 5q31-32 in humans and undergoes alternative processing, leading to functionally distinct subtypes of GR. The human GR gene (NR3C1) consists of 9 exons. The predominant isoforms of GR in humans are hGRα and hGRβ (5) . These isoforms are identical through amino acid 727, but then diverge. hGRα has an additional 50 amino acids, while hGRβ has an additional 15 non-homologous amino acids. The most well-studied isoform is hGRα, which is comprised of 777 amino acids, while hGRβ has a dominant negative effect on hGRα (6) . As far as GRs taxonomy is concerned, it specifically belongs to the steroid hormone receptor (SHR) subfamily (7) . GR belongs to the 3-ketosteroid receptor group, which also includes receptors for mineralocorticoids (MRs), progesterone (PR) and androgens (ARs). Another steroid hormone receptor related to the previous group, with an essential role in sexual maturation, is the estrogen receptor (ER). The majority of NRs can be considered an assembly of smaller protein modules. They share a common modular structure composed of a highly conserved DNA-binding domain (DBD; C), a less conserved ligand-binding domain/LBD (E) and some less extensively studied and highly variable N-terminal (A-B) and C-terminal domains (F). The N-terminal regions of NRs sometimes harbor potent transcriptional activation functions, known as activation function-1 (AF-1), which is independent of the LBD-ligand interaction. LBD is the site on which ligands bind, and where the main interaction with coregulators takes place. In some cases, the LBD can form the hetero-or homodimerization surfaces in NRs. Within the LBD also lies the activation function-2 (AF-2), with it referring to the recruitment of transcriptional activators in a ligand-dependent manner (8) . A flexible hinge region/HR connects the DBD and LBD (D), playing a crucial role in the selection of the repertoire of DNA-binding sites. The hinge region contains a series of residues that interact with the DNA minor groove towards the C-terminal of the DBD [C-terminal extensions (CTEs)]. NRs bind to the regulatory regions of target genes as homodimers, heterodimers and monomers. The major steroid hormone receptors (GR, MR, PR, AR and ER) bind mainly, as homodimers to response elements, configured as palindromes composed of two hexad nucleotide sequences separated by 3 base pairs (9) . Apart from homodimerization, monomeric binding seems to also play a significant role in tissue-specific target gene expression in GRs (10) . In contrast to steroid receptors, non-steroid receptors seem to bind DNA as part of a heterodimer with retinoid X receptor (RXR). They mainly bind to response elements composed of 2 hexad half-sites arranged as tandem repeats (9) . The classical mode of action of NRs implies that in the absence of their ligands, they behave as transcriptional repressors through the recruitment of specific corepressors. Ligand binding in the specific ligand binding pocket induces a conformational change of the receptor, leading to the release of the corepressors, the recruitment of co-activators and the subsequent transactivation of genes (11) . A proportion of unligated NRs, and more specifically, several steroid hormones, reside in the nucleus bound to DNA (12) . GR and MR are exceptions since they reside in the cytoplasm in association with a variety of proteins in the absence of ligand.
NRs form an ancient and conserved family that arose early in the metazoan lineage (11) . NR molecular evolution is characterized by major events of gene duplication and gene losses. During the evolution of species, gene duplication and loss are not regularly distributed in the NR superfamily evolution (13) . NR gene duplication seems to be frequent, while gene loss in the superfamily is rare. In some cases, gene loss is paralleled by duplication of a specific set of genes, which gives rise to a greater diversity of NRs. This observation suggests that the lineage-specific expansion of one gene can more than compensate for an overall trend to loss. A great difficulty emerges in studying NR evolution, since NR ligands are distinctive. NR ligands are small molecules not encoded by genes; hence, the ligand is not the product of a single gene, but the product of a metabolic pathway which interacts with other pathways. This attribute is an important facet of their role in signaling. Therefore, evolution does not occur only on a single gene by the slow accumulation of mutations, but on an entire network of genes (11) . Thus, predicting how the specificity of a receptor for its ligand evolves is not an easy task.
Data on the origins of NRs suggest that they were not a hormonal receptor with high affinity for a particular ligand and that feature was acquired later during evolution. It is considered that the first NR had the ability to bind different molecules with small affinity (14) . This is not surprising, since data suggest that a single NR can bind several ligands, with different biological activities, and those ligands can act as modulators that can selectively activate an NR in a tissue or target specific manner (11) . Consequently, investigating the mechanisms through which selectivity functions in NRs is an important step in understanding their evolutionary history. An analysis of the mechanisms through which mutations alter the selectivity and function of receptors can be considered a valid method in decrypting NR receptor evolution.
Data and methods
Dataset collection and filtering. A search was conducted on the RSCB Protein Data Bank (PDB) database (15) for amino acid sequences that are related to the NR LBD, followed by the acquisition of resulting data. Specific sequences that responded to the query but did not include the LBD were removed from the dataset, by using regular expressions techniques and local alignments with reference sequences. In total, 420 NR ligand binding domain protein structures were downloaded from several species.
Sequence alignment. Multiple sequence alignment was performed using the MATLAB Bioinformatics Toolbox, utilizing the progressive multiple alignment method and a guide tree (16, 17) . Pairwise distances between protein sequences were computed following pairwise alignment with the Gonnet scoring matrix (18) and followed by counting the proportion of sites at which each pair of sequences are different. The guide tree was calculated by the neighbor-joining method assuming equal variance and independence of evolutionary distance estimates. The visualization of the consensus sequence was performed using the JalView platform (19) and based on the multiple sequences alignment results and parameters such as amino acids quality and conservation. A more specific alignment with representative members of the Steroid hormone receptors was performed using the Molecular Operating Environment (MOE) (20) .
Mutation analysis.
A collection of currently known natural occurring NR LBD mutations was assembled following a literature review. The selected mutations harmed ligand binding. The resulting dataset includes natural occurring LBD mutations in the following receptors: GR, MR, AR, ERα, peroxisome proliferator-activated receptor (PPAR) γ, retinoid acid receptor (RAR)α, RARβ, thyroid hormone receptor (THR)α, THRβ, liver X receptor (LXR)α, vitamin D receptor (VDR), hepatocyte nuclear factor 4 (HNF4A), steroidogenic factor 1 (SF1), RAR-related orphan receptor (ROR)α, RORβ and RORγ (Table SI) . Based on the generated list, all mutations were detected and marked on the consensus sequence from the multiple sequence alignment, and in the alignment of the representative structures of the SHR. Additionally, the mutation rate was examined in all NRs (Table SII) . Specific mutation positions were highlighted by different colors in order to showcase the mutation rate within the NRs (Fig. S1 ).
Structural and functional analysis. A thorough analysis of NR LBD structural comparisons was achieved by superimposing the structures and by calculating a matrix of root mean square deviation (RMSD). The structural comparisons between the 420 structures were performed utilizing the structural superposition method, as described in the MATLAB Bioinformatics Toolbox (21) . This method computes and applies a linear transformation to superpose the coordinates of the atoms of the first structure to the coordinates of the atoms of the second structure. Alpha carbon atom coordinates of single chains for each structure are considered for computing the linear transformation. The structural similarity matrix was displayed using MATLAB in 5 different colors (blue for the range 0 to 1, light blue for the range 1.1 to 2, light gray for the range 2.1 to 3, orange for the range 3.1 to 4.9 and red for the values ≥5).
A more in-depth look at steroid hormone receptor structures was gained using MOE (20, (22) (23) (24) , where all the extracted mutations and interactions sites with several proteins and ligands were identified and studied. Specifically, each PDB entry was examined for ligand interaction using the ligand interaction function. MOE showcased the LBD amino-acids that interacted with said ligands or co-activators. Finally, beneficial information from the NCBI conserved domain database was extracted and assigned with the MOE results in the consensus sequence from the multiple sequences alignment.
Phylogenetic analysis. A specialized phylogenetic analysis was performed using the MATLAB Bioinformatics Toolbox (20) utilizing the Unweighted Pair-Group Method (UPGMA) (25) (26) (27) and a specific hybrid matrix of pairwise distances (28) . This matrix combines both information from the distance matrix of the multiple sequence alignment, and the RMSD matrix of the structural analysis. The combined specialized matrix is calculated through element by element matrices proliferation (29, 30) . This technique allows the clustering of less similar proteins in sequence level that are more conserved in the structural level. Finally, the constructed phylogenetic tree was visualized using the MEGA (31) radiation option, and the final clusters were separated by different colors.
Ligand analysis. The notion of chemical similarity plays an important role in predicting the properties of chemical compounds, clustering chemicals, and in particular, in conducting functional analysis studies. The calculation of the similarity of any two molecules is achieved by comparing their molecular fingerprints (32) . These fingerprints are comprised of structural information about the molecule which has been encoded as a series of bits. The most popular similarity measure for comparing chemical structures represented by means of fingerprints is the Tanimoto coefficient (33) .
First, a list with all extract ligands that co-crystallized in the corresponding SHR LBD structures was created (Table SΙΙΙ) . We set the same order in the list as the structures' order from the phylogenetic analysis. The structural comparisons between the 179 SHR ligands were performed using the Tanimoto coefficient algorithm (34) . The Tanimoto coefficient ranges from 0, when the fingerprints have no bits in common, to 1, when the fingerprints are identical. In the end, all the similarities were saved in a chemical-specific similarity matrix. Finally, the chemical-specific similarity matrix was displayed using MATLAB in 4 different colors (blue for the range 1 to 0.9, light blue for the range 0.89 to 0.7, purple for the range 0.69 to 0.6 and black for the range 0.59 to 0).
Results
The 4 major clusters of the NR LBD. Phylogenetic analysis revealed a distinct separation of NR LBDs into 4 monophyletic branches, the steroid hormone receptor-like cluster, the thyroid hormone-like receptors cluster, the retinoid X-like and steroidogenic factor-like receptor cluster and the nerve growth factor-like/HNF4 receptor cluster ( Fig. 1 ). All known steroid hormone receptors (GRs, MRs, PRs, ARs and ERs) have been grouped in separated sub-clusters in the steroid hormone-like receptor cluster. As expected, the LBD of GRs, MRs, PRs and Ars was found to be well-related to the ERs. The ER receptors also separate into two different subclasses, the ERα and the ERβ, from which there is a substantial separation of the ERα in 2 groups. A more detailed structural analysis was performed in order to understand this strange distribution of the ERs, and the results are described below. Moreover, the SRH-like cluster was found to be directly related with the second cluster of the retinoid X-like and steroidogenic factor-like receptor cluster. The linkage of this protein family with the steroid hormone receptor family was noted for the first time, to the best of our knowledge. Within the second cluster are contained the RXR, the liver receptor homolog 1 (LRH1), the SF1 and the ultraspiracle protein (USP) subunit of the ecdysone receptor. The SF1 is a protein that controls many aspects of adrenal and reproductive function. It is encoded by the NR5A1 gene, which is a member of the NR protein family (35) . Along with the LRH1 encoded by the NR5A1 gene, they belong to the steroidogenic factor-like subfamily of NRs. They both hold a critical role in steroidogenesis (36) . Another thoroughly different observation on the SHR branch is its inclusion of the RXR and its Drosophila homolog USP, which is a subunit of the ecdysone receptor (37, 38) .
On the third monophyletic branch, the LBD of the THR-like cluster, all known members are grouped, including THR, PPAR, LXR, VDR, RAR, FXR, ROR and orphan nuclear hormone receptor (NR1D1; RevErb). The EcR subunit of the ecdysone receptor also belongs in this cluster. The EcR subunit of the ecdysone receptor is closely related to the FXR, based on their similarities in the DNA binding domain (39) . The EcR/USP heterodimer seems to be the corresponding arthropod complex to the FXR/RXR heterodimer. This analysis provides the insight that this heterodimer appears to be composed of 2 subunits with each one belonging to a different monophyletic branch. Moreover, the LBD of the THR-like cluster was found to be directly related to the fourth cluster of the LBDs of the nerve growth factor (Nurr77) and HNF4. HFN4α and Nurr77 are suggested to be in the same subfamily. Some other interesting observations are the existence of a number of distinct GRs showcasing marked differences with regard to other NRs.
The conserved signaling motifs of the NR LBD. An in-depth review of the consensus sequence and NR LBD mutations provides a basis for 7 highly conserved signaling motifs ( Fig. 2A) . A more targeted approach to steroid hormone receptors can provide data on their importance for NR function (Fig. 2B ). Motif A occupies consensus sequence positions 378 to 385 ( Fig. 2A ). This LLxxL motif is an inverse NR-box (LLxxL) and still contains the ability to interact with several NRs (40) . Based on NCBI's conserved domain database (CDD) (41) , this position is one of the main ligand interaction sites of the family and is of utmost importance to NRs. It also coincides with the SHR interaction Motif A (Fig. 2B) . Motif B occupies consensus sequence positions 391 to 401 ( Fig. 2A) . A cross-check with CCD NR action sites (Fig. 2B ) reveals that Motif B resides in a region critical to co-activator function. The GR mutation V575G does support this hypothesis (42) . V575 is part of the AF-2 surface, and it contributes directly to the attraction of LxxLL (NR-box sequence motif). A mutation on that specific region hinders the ability of co-activators to interact with the NR. The 1L2I PDB entry for ERα also implies the region's high impact role in interacting with co-activators, and more specifically, the NR-box sequence motif. Motif C occupies positions 404 to 413, a region that is also critical to co-activator function ( Fig. 2A ). Motif C could be described as LxxDDQ. Along with the R (402 alignment position) residue, this motif creates a structure specific to GRs, ARs and PRs. The study by Bledsoe et al was the first one that recognized this specific region's critical role in LBD function (7) . Motif C partakes in the creation of GR's second charge clamp. This distinct structure is vital to the binding of the third NR-box of co-activators. The residues responsible for the second Figure 2 . Conserved signaling motifs and interaction sites of the NR LBD. (A) Consensus sequence based on the 420 NR LBD multiple sequences alignment results and parameters, such as amino acids quality and conservation. The 7 major conserved signaling motifs of the NR LBD have been marked in the consensus sequence (colored yellow). (B) Sequence alignment of SHRs with the 7 conserved signaling motifs (colored yellow) and the 4 interaction sites (colored red). The figure features representative sequences from each SHR group plus an ancestral corticoid receptor. The reference sequences used are PDB: 2AA2 for mineralocorticoid receptor, PDB: 5NFT for glucocorticoid receptor, PDB: 1SQN for progesterone receptor, PDB: 2OZ7 for androgen receptor, PDB: 1ERR for estrogen receptor α, 1U9E for estrogen receptor β and PDB: 2Q1H for the ancestral corticoid receptor. Specific amino acid residues have been colored to showcase specific attributes. Yellow-colored residues are known interaction points, blue-colored residues are prone to mutation, while green-colored residues are both interaction sites and prone to mutation. NR, nuclear receptor; LBD, ligand-binding domain; PDB, Protein Data Bank; SHR, steroid hormone receptor. charge clamp are not present in the remaining SHRs (ERs and MRs). Motif D occupies positions 512 to 516. This region is part of the highly conserved C-terminal end of the helix eight domain in SHRs, whose function is critical to ligand binding. Mutations in this motif, including GR's L672P and AR's L813P lead to a complete lack of ligand binding (43, 44) . More experiments also showcase that the mutant proteins are possibly prone to higher degradation (44) . Motif E is an inverse NR-box and occupies positions 546 to 550. Motif F occupies positions 568 to 575. This LxxLL motif (NR-box) is found in all SHRs, with the ERα LxxLL comprising positions 568 to 572. Motif G occupies alignment positions 601-613. It contains an ERα LxxLL motif on positions 601 to 609, a PPAR LxxLL motif on positions 605 to 609, and an LLxxL ERα motif on position 609 to 611. It is quite intriguing that ERα exhibits a motif of LxxLLLxxL, which contains both an NR-box and its inverse. A prime example of a malfunctioning mutation on motif G is the Y537S, which is present on ERαs appearing in breast cancer cells (45) .
Mutations in the NR LBD.
A list of all known NR LBD natural mutations was composed in this study from previous publications (Tables SI and SII) . Studying both the common natural mutations and their results gives way to a few observations. Firstly, highly conserved sequences are not prone to mutations ( Fig. S1 ). They seem critical to normal protein function, which leads to their evolutionary conservation. Indeed, natural mutations on highly conserved positions lead to deliberating effects. Some positions exhibit no mutation at all. The lack of mutations may be attributed to their quintessential role in protein function, since mutations on said positions could be lethal, so no surviving phenotypes exist. The majority of mutations on steroid receptors are associated with hormone level changes, which are linked to their respective ligand. It should be mentioned that phenotypes that could be attributed to mutations on NRs may not exhibit said mutations on the final protein product. A number of factors could be responsible for this observation, such as epigenetic actions on NR genes, mutations in non-coding regions affecting enhancers, or mutations on NR cofactors (46) . An in-depth look into GR mutations confirmed the aforementioned. No mutations were found on highly conserved NR amino acids. Mutations on GR LBD have a severe effect on adrenocortical function. Mutations of GR LBD can lead to Chrousos syndrome, a condition characterized by tissue insensitivity to glucocorticoids. An interesting fact is that some LBD mutations have a dominant negative effect. These kinds of mutations on the LBD can be considered more severe than DBD mutations since they affect normal functioning proteins as well.
The 2 major canonical forms. NRs are structurally quite conserved. However, the structural analysis results of NR Figure 3 . Structural analysis of the NR LBD. Structural similarity matrix of root mean square deviation (RMSD). The matrix shows statistically significant clusters were found in NR LBD. The x and y axes display the structure order based on the phylogenetic tree. Blue areas are clusters that reveal strong structural similarity, and red areas are clusters with very low structural similarity. The phylogenetic analysis revealed areas (green and yellow squares) that represent the 2 major canonical forms. NR, nuclear receptor; LBD, ligand-binding domain.
LDB displayed 2 distinct canonical forms (Fig. 3 ). The first one seems to be prevalent in the SHR-like, while the second one is prevailing in the THR-like receptors. The well-defined retinoid X receptor-like/steroidogenic factor-like cluster of the USP, SF1 and LRH1 receptors may appear phylogenetically close, although they have a small structural correlation with the two major forms. Based on these findings, the SHR-like LBD canonical form exhibits highly conserved structural domains, albeit it validates the notion above, that estrogen receptors are pretty different from the rest of SHRs. A peculiar observation emerges, one in which ERβ found to be more structurally similar to the rest of SHRs than ERα (Fig. 3) . Another observation is the number of β-strands that compose SHRs is 4, while the number of α-helixes is not constant in each specific entry. Based on crystallographic observations, a steroid hormone receptor is formed either with 11 or 12 α-helixes. A specific examination in an alignment featuring only GRs also showcases the different activation states of NRs, based on the position of the AF-2 containing helix (7) . The activation state is dependent on the ligand featured and the presence or absence of co-activators/corepressors. On the other hand, 3 GR LBD structures (PDB: 3H52, 4LSJ and 4MDD) and 3 photoreceptor-specific NRs (PNR) LBD structures (PDB: 4LOG, 4XAJ and 4XAI) appear to distance themselves from the entirety of all NR LBD structures. An in-depth look proposes that those GR LBD structures correspond to a specific antagonist form of the receptor, in which the dislocation of the 12th helix leads to complete disruption of the receptor's function (21) . The second major canonical form of the thyroid hormone-like receptor LBD is highly conserved, with small differences amongst recep-tors. These differences create somewhat distinct subclasses, the PPAR-like, the ROR/THR, such as VDR-like and the HNF4/Nur77-like.
The 3 ligand specificity clusters of the SHR LBD.
Ligand specificity is one of the major and most important characteristics of NRs (47) . NR ligands are small hydrophobic molecules that bind their corresponding NR LBD's hydrophobic pocket. A list featuring all SHR ligands that were co-crystallized in the corresponding SHR structures was created (Table SIII) . The majority of ligands seem to be receptor-specific, with the exceptions of MOF, which binds both GR and PR and R18, which binds both PR and AR. This observation is quite interesting since, as mentioned above, AR, MR, PR and GR appear to create a steroid receptor sub-class of their own, different from ERs. The PDB entry 1GS4 sheds light onto the specific association between GR, PR and AR (48) . Mutation T877A on the AR adds the ability to bind progesterone 17b-estradiol and some anti-androgens. The threonine at position 877 on AR is unique, though its corresponding alignment position (251, Fig. 2B ) partakes in ligand interactions in all of the steroid receptors. This mutation gives the AR abilities that have more in common with PR and ER. Mutation L701H substantially impairs AR's own ability to bind androgen, but allows it to bind cortisol (48) . The leucine at the 701 position is present in MR, PR and AR, while its corresponding alignment position (67, Fig. 2B ) partakes in ligand interaction in GRs, PRs, ARs and ERs.
A comparative analysis of the ligands that have been co-crystallized with their corresponding receptors was conducted, in order to create a more clear-cut idea for the interactions that are characteristic of the steroid hormone receptors' ligand binding pocket (Fig. 4) . A total of 94 unique steroid hormone receptors ligands were collected and were compared in order to search for similarities and identify new relations. Based on the results, there is a clear separation in the main clusters, as shown in Fig. 4 . Those are the USP/SF1/LRH1 ligand-specific cluster, the ER ligand-specific cluster and the AR/PR/ MR/ GR ligand-specific cluster. It is quite interesting that the USP/SF1/LRH1 ligand-specific cluster contains ligands that are similar to the ER ligand-specific cluster. Moreover, focusing on the ER ligand-specific cluster, there is a clear separation of ERα in 2 sub-clusters.
A sub-cluster of ERas forms and acts as estrogen β, and the risk of breast cancer. As expected, the majority of NRs in the same subfamily display high structural similarity, with a great example being the ARs, PRs and MRs (Fig. 3) . A review of the SHR-like branch adds some new information. Contrary to the observations, some receptors indicate significant structural differences even among themselves (Fig. 3) . This observation points out that the structures within the same category share more than one canonical form due to a critical mutation, disease, or cancer. The ERα data are provided in the same direction. Despite ERα showing high sequence similarity (Fig. 5D) , it is structurally separated into 2 different canonical forms (Fig. 5A ). An in-depth look at the ERα structures comprising of the 2 canonical forms yielded some interesting results. The 2 canonical forms of ERα correspond to 2 different types of ERα. Figure 4 . Ligand-specific analysis of the NR LBD. Chemical structure similarity matrix of the Tanimoto coefficient values. The Tanimoto coefficient ranges from 0 when the fingerprints have no bits in common, to 1 when the fingerprints are identical. The matrix shows statistically significant clusters were found in NR LBD corresponding ligands. The x and y axes display the ligands order based on the order of the co-crystallized structures in the phylogenetic tree. Blue areas are clusters that reveal strong structural similarity, and black areas are clusters with no structural similarity. Three distinct clusters are visible in the similarity matrix. NR, nuclear receptor; LBD, ligand-binding domain.
The first canonical form of ERα contains various mutant ERαs and a small number of wild-type receptors. The most common mutants in this sub-cluster are located at positions C381, C417, C530 and L536. The second canonical form of ERα, which will be referred to as ERα', is mainly character-ized by the Y537S mutation. This mutation is commonly found in breast cancer patients and is associated with resistance to several endocrine therapies (49) . More specifically, this mutation is located in the AF-2 helix of the ERα' LBD and shifts the receptor equilibrium towards the agonist conformation, even in the absence of a ligand (23) . Moreover, the ERα' canonical form appears to be identical in the structural level with the ERβ (RMSD <2) rather than the ERα, while in the sequence level, all ERαs and ERαs' exhibit minimal differences ( Fig. 5A , C, E and G). Based on these findings, the Y537S mutation induces a critical conformational change in the ERα structure. In particular, it changes the angle of the AF-2 helix of the ERα' LBD, in a position which is identified coequally on the ERβ AF-2 helix (Fig. 5H) . The displacement and the 90˚ turn of the AF-2 helix plays a key role in the action of the ERα' since it contains the signaling 'Motif G', one of the most important motifs of the NR LBD (Fig. 5F ). This hypothesis seems to be confirmed with the functional analysis we had performed by analyzing all the available ligands and chemicals that have been co-crystallized in the cavity of the ERα' and generally in all ERs. Based on these results, ERα' can interact without any specificity with all the identified ligands on ERs, including ERβ (Fig. 5B) . This particularity has also been described by several studies (48) (49) (50) that are found to refer to a number of ERα' structures. In the study by Nettles et al, a member of the ERα' (PDB: 2P15) was crystallized, and it was concluded that this ERα could interact with a wider array of pharmacophores than was previously thought (50) . In summary, it is possible that the Y537S mutation induces a LBD domain with higher plasticity in the ERα'.
Discussion
Hybrid phylogenetic analysis is more eloquent than a common phylogenetic analysis. It combines both sequence and structural information from the NRs' LBD to propose clusters with higher confidence. It has been observed that protein structure is more conserved than sequence (51), something visible on the current analysis. Differences that are not detected on sequence analysis alone are visible on this analysis. The phylogenetic analysis performed depicts the distinct separation of NR LBDs into the monophyletic branches of the steroid hormone receptor-like cluster, the thyroid hormone-like receptors cluster, the retinoid X-like and steroidogenic factor-like receptors cluster, and the nerve growth factor-like/HNF4 receptors cluster and the LBD of GRs, MRs, PRs and ARs found to be well-related to ERs. The linkage of the SRH-like cluster with the second cluster of the retinoid X-like and steroidogenic factor-like receptors cluster is noted for the first time, at least to the best of our knowledge.
Researching motifs in the NR ligand binding domain is of utmost importance. As mentioned above in the 'Introduction', the ligand binding domain is a somewhat conserved domain. Finding motifs that have been conserved through the evolutionary process should highlight regions of critical importance in ligand binding. Those regions can provide amino acid patterns that are a unique signature to the NR LBD. Indeed, a previous study published in 1996 found signature sequences that are essential in maintaining the ligand binding pocket structure (52) . Those sequences seem to agree with the proposed motifs that are described below, and some new 'key' motifs are introduced. The existence of NR-boxes or inverse NR-boxes on SHRs may seem peculiar on first glance, but it should not be a surprise. NRs have the ability of both hetero-and homo-dimerization. Since NR-boxes can bind to specific NR regions, they may have a role in the interaction between NRs, specifically hetero and homo-dimerization. The results showcase moderate conservation of specific amino acid sequences. Length-wise all NR ligand binding domains are pretty similar. Looking through the subcategory of steroid hormone receptors also provides some interesting insights. There are many more sequence similarities, as expected, though it is interesting, that estrogen receptors seem to create a subcategory of their own since they exhibit amino acid variations not present in the rest steroid hormone receptors.
Steroid hormone receptors share 4 main interaction sites from where directly interact with several ligands and co-activators (Fig. 2B) . The interaction sites A and B of the SHR LBD are well characterized and found across all NR members. The interaction sites C and D should be highly variable among NRs and somewhat conserved on SHRs. The incorporation of both mutations and ligand interaction points can specify the importance of these action regions. Fig. 2B provides information on both interaction points and mutations. It shows that all interaction sites are prone to mutations. This fact also seems logical, since the activation sites are the ones responsible for the selectivity of NRs. Mutations in those regions possibly are at the forefront of NR evolution. The consensus sequence also adds to this speculation, since the main interaction regions are characterized by relatively small sequence conservation (Fig. 2B ). It should also be highlighted that the interaction sites A and B, which are conserved on all NRs, seem to be bridged by 3 regions of highly conserved motifs A, B and C.
Based on the comparative analysis of the co-crystallized ligands to their receptors, there is a clear separation in the main clusters, the USP/SF1/LRH1 ligand specific cluster, the ER ligand specific cluster, and the AR/PR/MR/GR ligand specific cluster. The USP/SF1/LRH1 ligand specific cluster contains ligands similar to the ERs ligands specific cluster, where there is evident separation of ERα in two sub-clusters. Moreover, ERα' can interact without any specificity with all the identified ligands on ERs, including ERβ, and there is a possible evidence that the Y537S mutation induces a LBD domain with higher plasticity in the ERα'.
In conclusion, NRs are vital transcription factors, and the aforementioned information acquired can be used in a variety of ways. The interaction sites and conserved motifs can be used as selected targeted regions for novel drugs. The development of new drugs can be achieved through specific in silico techniques that can compose ligands, which can interact with those specific regions and force new alterations in the protein's dynamics (53) . The phylogenetic analysis also provided new insights for NR clustering and identified several key regions that exist through evolution in the NR LBD such as the amino acid repeating motif 'LxxLL' or 'LLxxL'. The mutation analysis highlighted mutational hotspots, while also providing insights on their effects in structure and function, especially when they are localized in NR conserved signaling motifs. Structural and functional analysis of the NR LBD display two major canonical forms and identify 3 ligand specific clusters within the steroid hormone receptor family. Last but not least, a new sub-cluster of ERα with a very specific canonical form has been identified and related to breast cancer through a well-known mutation in ERs. This new information may be of high importance in order to understand the signaling mechanism underlying NRs and cancer.
